Abstract Aluminum reflectors were added to solar units designed to inactivate faecal microorganisms (faecal coliform, E. coli, enterococci, FRNA coliphage, C. perfringens) in stream water and diluted sewage by the two mechanisms (solar heat, solar UV) known to inactivate microorganisms. During sunny conditions, solar units with and without reflectors inactivated E. coli to <1 CFU/100 ml to meet drinking water standards. Solar units with reflectors disinfected the water sooner by increasing the water temperature by 8-10°C to 64-75°C. However, FRNA coliphages were still detected in these samples, indicating that this treatment may not inactivate pathogenic human enteric viruses. During cloudy conditions, reflectors only increased the water temperature by 3-4°C to a maximum of 43-49°C and E. coli was not completely inactivated. Under sunny and cloudy conditions, the UV wavelengths of sunlight worked synergistically with increasing water temperatures and were able to disinfect microorganisms at temperatures (45-56°C), which were not effective in inactivating microorganisms. Relative resistance to the solar disinfecting effects were C. perfringens > FRNA coliphages > enterococci > E. coli > faecal coliform.
Introduction
Four conditions in developing countries contribute to the high incidences of morbidity and mortality from waterborne diseases transmitted by contaminated drinking water (WHO, 1992) . First, government agencies cannot provide clean water to people. Second, people will use available sources of water and many are contaminated with fecal pathogens. Third, people are inadequately educated as to how pathogens contaminate and are transmitted by water. Fourth, feasible technology and resources to reliably treat and disinfect these sources of water are not available. Moreover, for people living in remote areas, electrical power is not available. The need is for a simple technology to treat water without relying on electrical power. One such technology is to use sunlight to heat water to near pasteurization temperatures (>60°C) to disinfect it. Sunlight is a free and sustainable energy source, especially in the tropical regions of the world, where waterborne diseases are prevalent.
Solar units have traditionally been designed to disinfect water by using the radiation of sunlight to heat water. Another mechanism is to rely on direct irradiation of UV wavelengths (280-399 nm) and visible wavelengths (400-700 nm) of sunlight to disinfect microorganisms by the formation of oxidizing agents in water or by directly damaging the enzymes of cells (McGuigan et al., 1998) . Based on our recommendations, Grand Solar of Honolulu designed a solar unit to disinfect water by using the two inactivating mechanisms (solar heat, solar UV) of sunlight. We (Rijal and Fujioka, 2001 ) evaluated this unit and determined that the UV wavelengths of sunlight acted synergistically with solar heating to disinfect water during days when sunlight could not heat water to effective disinfecting temperatures. However, none of the systems were effective during cloudy days. To address this limitation, two and four aluminum reflectors were added to solar units to increase solar radiation treatment of water. The goal of this study was to determine the effectiveness of adding reflectors to the solar units and to disinfect water contaminated with faecal coliform, E. coli, enterococci, total heterotrophic bacteria, Clostridium perfringens, and FRNA coliphages.
Materials and methods

Experimental design and description of solar disinfecting unit
The same two solar units used in our previous study (Rijal and Fujioka, 2001 ) were used as controls in this study. The standard solar heating unit (SH) used a face cover made of double layer non-UV transmittable plastic, which allowed only 11-39% of all solar wavelengths to penetrate and to directly irradiate the stored water. This unit will not allow the UV wavelengths of sunlight to irradiate water in the unit and was optimized for solar heating of the water and to retain heat in the unit. The second solar unit used a face cover made of a single layer of plastic, which allowed penetration of 78-93% of all wavelengths of sunlight. Since this unit allowed solar radiation to heat the water and allowed solar UV to irradiate the water it was designated SH/UV. One limitation of the single layer of plastic is that it is not effective in retaining heat. For the current study, the two units (SH, SH/UV) were modified by the addition of aluminium reflectors to increase the dosage of available sunlight. Four reflectors were added to the solar disinfecting unit (SH) and this unit was designated as SH+4R. Two reflectors were added to the solar heating and UV irradiation units (SH/UV) and this unit was designated SH/UV+2R. These four units (see Figure 1) were placed on the roof of the Snyder Building at the University of Hawaii where the experiments were conducted. Since these solar units were designed for family use, they were small (51 cm × 122 cm × 8 cm) and weighed only 6.4 kg without water or reflectors so they can be easily cleaned. Each unit can store 13 litres of water or enough drinking water for 6 people per day. 
Microbial analysis of water
The membrane filtration method as described in Standard Methods (APHA, 1998) for faecal coliform on mFC agar, E. coli on mTEC agar, enterococci on mE agar and total heterotrophic count on mHPC agar were used. The method of Bisson and Cabelli (1979) was used to assay for Clostridium perfringens while the method of Debartolomeis and Cabelli (1991) was used to assay for male specific RNA (FRNA) coliphages.
Experimental procedures
A total of three experiments were conducted on three different days. For each day of the experiment, aliquots of well mixed natural stream (Manoa) water or primary treated sewage, which had been diluted 1:40 in tap water, were added to all four solar units. These units were then exposed to sunlight at 9:30 a.m. to optimize direct radiation of sunlight for approximately five hours. Manoa stream water was selected because it represents a common source of drinking water. The diluted primary treated sewage was used to represent natural waters, which are contaminated with sewage. The temperature of the water was measured immediately and after 1, 2, 3, 4, and 5 hours of exposure to sunlight. The disinfection efficiency of each of the four units was evaluated based on the rate of inactivation of several different groups of microorganisms (faecal coliform, E. coli, enterococci, C. perfringens, total heterotrophic bacteria, FRNA coliphages) in water samples obtained from these units. These groups of microorganisms were selected because they represent the varying stabilities of various pathogens in sewage. Since the initial concentration of each group of microorganism differed, the degree to which each group of microorganisms was inactivated was plotted as log N/N 0 , where N 0 is the concentration in the untreated sample and N is the concentration of each group of microorganism after various exposures to sunlight. Since the quality of drinking water is based on having <1 CFU/100 ml of faecal coliform or E. coli, the quality of treated water was also compared to this drinking water standard.
Results and discussion
Treatment of stream water under sunny versus cloudy conditions
The objective of this first experiment was to compare the effectiveness of the four solar units to disinfect stream water during a typically sunny day.
Increase in water temperature. On this day, the water from Manoa stream was characterized by 1.4 NTU turbidity and temperature of 27°C. The water temperature profiles for all four units are shown in Figure 2 . The water temperature in the solar heating unit without reflectors (SH) increased to 64°C whereas the addition of four reflectors increased the water temperature in the (SH+4R) unit to 75°C. The water temperature in the solar heat and solar UV radiation unit (SH/UV) increased to a maximum of 56°C, whereas the addition of two reflectors increased the water temperature in the SH/UV+2R unit to 65°C. The higher water temperature in the SH unit as compared to the SH/UV unit can be explained by the fact that the SH/UV unit used a single plastic cover and is less efficient in retaining heat. These results show that under sunny conditions, reflectors can increase the temperature of water in these units by 10°C.
Inactivation of faecal indicator bacteria. Before treatment, the concentrations (CFU/100 ml) in stream water were 436 faecal coliform, 194 E. coli and 325 enterococci. After only 3 hours of exposure to sunlight, >99.9 inactivation of all three faecal indicator bacteria was observed (Figure 2) . However, the data show that complete inactivation of E. coli occurred most rapidly in the SH/UV unit and required only 2 hours of exposure at the lowest maximum water temperature (56°C). These results provide evidence that there is a synergistic effect between the mechanism of inactivating bacteria by direct UV irradiation of sunlight and the mechanism of inactivating bacteria by heat. Under sunny conditions, all four units reduced the concentrations of faecal indicator bacteria, to meet drinking water standards (<1 CFU/100 ml).
Inactivation of C. perfringens and total heterotrophic bacteria (THB).
Before treatment, the concentration of C. perfringens in the stream water sample was 55 CFU/100 ml. After 3 hours of exposure to sunlight, the concentration of C. perfringens was reduced to undetectable levels (<1 CFU/100 ml) in the SH/UV unit (56°C), in the SH+4R unit (75°C) and in the SH/UV+2R unit (65°C). However, approximately 3 CFU/100 ml of C. perfringens were still detectable in the water in the SH unit (64°C). These results indicate that C. perfringens was resistant to inactivation in water heated to 64°C but was inactivated by water heated to 75°C. The complete inactivation of C. perfringens in the SH/UV unit (56°C) and in the SH/UV+2R unit (65°C) indicates that UV irradiation of sunlight is an effective mechanism for the inactivation of C. perfringens.
The concentration (4 × 10 7 CFU/100 ml) of total heterotrophic bacteria (THB) in stream water was high and their inactivation curves in the different solar units (Figure 2 ) are difficult to interpret because they are comprised of diverse populations of bacteria, including spores, which are resistant to heat. Measurable levels of THB were detected even after five hours of exposure to sunlight and most likely reflect the residual populations of aerobic, spore-forming bacteria.
Treatment of stream water under cloudy day conditions
The objective of this second experiment was to determine the efficiency of the four solar units to disinfect stream water under cloudy day conditions.
Increase in water temperature. On this day, the water from Manoa stream was characterized by 1.8 NTU turbidity and a temperature of 24°C. The water temperature profiles for all four units for this day are shown in Figure 3 and show that although the relative shapes of 
, total heterotrophic bacteria (I), in Manoa Stream sample using SH (solar heat) unit; SH/UV (solar heat/solar UV) unit; SH+4R (solar heat plus 4 reflectors) unit; SH/UV+2R (solar heat/solar UV plus 2 reflectors) unit under sunny conditions the water temperature profiles in the four solar units were similar to those observed under sunny conditions, the water temperatures in all units did not increase substantially. The water temperature of the SH unit increased to only 45°C and the addition of four reflectors only increased the temperature to 49°C. The water temperature in the SH/UV unit reached only 40°C and the addition of two reflectors (SH/UV+2R) increased the temperature to only 43°C. These results show that under cloudy day conditions, the temperature of the water in all units never reached 50°C and the addition of reflectors only increased the water temperature by 3-4°C.
Inactivation of faecal indicator bacteria. Before treatment, the concentrations (CFU/100 ml) in stream water were 640 faecal coliform, 586 E. coli, and 1,335 enterococci. Inactivation rates of these three faecal indicator bacteria were much slower under cloudy day conditions (Figure 3 ) as compared to sunny day conditions (Figure 2) . After 3 hours of exposure to sunlight, <99.9% inactivation was observed for all three faecal indicator bacteria and was due to the low maximum water temperatures (40-49°C). After 5 hours of exposure, >99.9% inactivation occurred in some of the units, demonstrating the importance of time in the disinfection process. However, this level of inactivation was considered incomplete because none of the treatments resulted in reducing the level of faecal coliform or E. coli to meet drinking water standards (<1 CFU/100 ml). The rate of inactivation of E. coli was fastest in the SH/UV unit, which had the lowest water temperature (40°C) and was slowest in the SH unit which had a higher (45°C) water temperature. These results indicate that even at this low temperature, there is a synergistic inactivating effect between the UV wavelengths of sunlight and solar heating of water.
Inactivation of C. perfringens and total heterotrophic bacteria (THB).
Before treatment, the concentration of C. perfringens in the stream water sample was 80 CFU/100 ml. After 5 hours of exposure during this cloudy day, inactivation of C. perfringens was minimal, approaching 90% in SH, SH+4R and SH/UV+2R and 95% in SH/UV. The lack of inactivation of C. perfringens reflects the low water temperature in all units (40-49°C) and the fact that spores of C. perfringens are known to be resistant to all types of disinfectants. The stream water contained high concentration (1.4 × 10 8 CFU/100 ml) of THB. After 5 hours of exposure during this cloudy day, <99.9% inactivation of THB was observed in the four solar units. This treatment was not considered adequate because the treated water still contained >100,000 CFU/100 ml of THB.
Treatment of diluted sewage water under sunny conditions
The objective of this third experiment was to determine the effectiveness of the four solar units in disinfecting water grossly contaminated with sewage under sunny conditions.
Increase in water temperature. Primary treated sewage was diluted 1:40 with tap water and was characterized by a turbidity of 2.5 NTU and temperature of 30°C. The water temperature profiles in each of the solar units are plotted in Figure 4 and show that over 5 hours of exposure to sunlight, the highest temperature (74°C) was observed in the SH+4R unit and the lowest temperature (56°C) was observed in the SH/UV unit. The maximum water temperature in the SH unit and in the SH/UV+2R unit was 64°C. Thus, the water temperature profiles in these four units under sunny conditions were very similar to those observed for the previous sunny day experiment (see Figure 2 ). The addition of four reflectors increased the water temperature by 10°C and the two reflectors increased the water temperature by 8°C.
Inactivation of faecal indicator bacteria and FRNA coliphages. Before treatment, the concentrations (CFU/100 ml) in the sewage contaminated water sample were 4.8 × 10 5 faecal coliform, 3.6 × 10 5 E. coli and 5.6 × 10 3 enterococci. After 5 hours of exposure to sunny conditions, undetectable levels (<1 CFU/100 ml) of the three faecal indicator bacteria were measured in the water samples from all four solar units (Figure 4 ). After only 2 hours of exposure to sunlight, undetectable levels (>99.999% inactivation) of E. coli were measured in the SH+4R unit (74°C) and the SH/UV+2R unit (64°C). However, 40 CFU/100 ml of E. coli were still detected in the SH unit (64°C) and 4 CFU/100 ml were measured in the SH/UV unit (56°C). The observation that E. coli was inactivated at a faster rate in the SH/UV system at the lower water temperature of 56°C as compared to the SH unit at the 
C. perfringens (#), total heterotrophic bacteria (I), in diluted sewage using SH (solar heat) unit; SH/UV (solar heat/solar UV) unit; SH+4R (solar heat plus 4 reflectors) unit; SH/UV+2R (solar heat/solar UV plus 2 reflectors) unit under sunny day conditions higher water temperature of 64°C, is taken as additional evidence that the UV wavelengths of sunlight and heating of water function synergistically to completely inactivate E. coli (<1 CFU/100 ml) so that the treated water meets bacterial drinking water standards.
FRNA coliphages are naturally present in sewage and their sensitivity to inactivation by these four solar units was determined. FRNA coliphages are viruses, which infect E. coli and have the same, shape, size, type of nucleic acid and stability to disinfectants as pathogenic human enteric viruses. In this experiment, 3,850 PFU/100 ml of FRNA coliphages were measured in the diluted sewage sample before exposure to sunlight. After 3 hours of exposure to sunny conditions, only 90-99% inactivation of FRNA coliphages was observed in all four solar units. Under the same conditions, faecal coliforms and E. coli were inactivated to undetectable levels (>99.999% inactivation). After 5 hours of exposure to sunny conditions, FRNA coliphages were inactivated to undetectable levels (<1 PFU/100 ml) in SH+4R unit (74°C) and in SH/UV+2R (64°C) but were detected at 20 PFU/100 ml in water samples from the SH unit (64°C) and the SH/UV unit (56°C). The observation that FRNA was completely inactivated in the SH+4R unit where the water temperature was 74°C but not in the SH unit where the temperature was 64°C, indicates that as the water temperature increases, greater inactivation occurs. These results also show that FRNA coliphages are much more resistant to heat inactivation than faecal indicator bacteria. Under sunny conditions, FRNA coliphages were detected after treatment in two of the solar units whereas faecal indicator bacteria were not detected after treatment in all four units. These results indicate that solar disinfecting units, which reduce the concentrations of faecal indicator bacteria in treated water to undetectable levels, may still contain some human enteric viruses.
Inactivation of C. perfringens and total heterotrophic bacteria. The concentration of C. perfringens in the diluted sewage sample was 780 CFU/100 ml. After 5 hours of exposure to sunny conditions, the maximum water temperature was highest (74°C) in the SH+4R unit followed by 64°C in the SH unit. However, only 90% inactivation of C. perfringens was observed in these two units. These results show that spores of C. perfringens are resistant to the mechanism of solar heating of water to 74°C, a condition which completely inactivated the three faecal indicator bacteria as well as FRNA coliphages. However, inactivation of C. perfringens to undetectable levels (<1 CFU/100 ml) was observed in the SH/UV unit where the maximum water temperature was only 56°C. These results indicate that spores are susceptible to the inactivating effects of UV wavelengths of sunlight.
The concentration of THB in the diluted sewage sample was 2.4 × 10 7 CFU/100 ml. After 5 hours of exposure to sunlight, the concentrations of THB in all four units, were still high (10 5 to 10 6 CFU/100 ml) and most likely include several species of aerobic spores.
Conclusions
Under sunny conditions, reflectors increased the temperatures of stream water and diluted sewage samples by 10°C to 64-75°C and reduced the concentrations of faecal coliform and E. coli to meet drinking water standards (<1 CFU/100 ml). However, since these treated water still contained FRNA coliphages, the treatment may be inadequate to disinfect pathogenic human enteric viruses. Under cloudy conditions, reflectors increased the water samples by only 3-4°C to 43-49°C and were not able to reduce the concentrations of faecal indicator bacteria to meet drinking water standards. The data obtained showed that the UV wavelengths of sunlight worked synergistically with non-disinfecting water temperatures (45-56°C) to effectively disinfect faecal indicator bacteria. This synergistic effect was also effective for viruses (FRNA coliphages) and spores (C. perfringens). Relative resistance of the various microorganisms to the disinfecting effects of solar heating and solar UV irradi-ation were as follows: presumptive groups of aerobic spores > spores of C. perfringens > FRNA coliphages > enterococci > E. coli > faecal coliform. Significant regrowth of any microorganisms did not occur after 18 hours in the absence of sunlight. These results indicate that bacterial photoreactivation is not significant and treated water can be safely stored for later use. Since time is an important factor in disinfection, solar units may be required to be exposed to cloudy conditions for two days. Under very sunny conditions, the solar units could be used twice in one day to increase the yield of treated water. Taken together, these results indicate that more research is needed to optimize the reaction by which solar heating and solar UV wavelengths work synergistically to enhance microbial inactivation so that solar units can be developed, which are more effective and more reliable in disinfecting water during cloudy days.
